Abstract-We analyze the performance of space-time trellis codes over shadowed Rician fading channels. The shadowed Rician channel is a generalization of the Rician model, where the line-of-sight path is subjected to a lognormal transformation due to foliage attenuation, also referred to as shadowing. We derive an exact expression on the pairwise error probability (PEP) for space-time trellis coded systems over this channel through the moment generating function method. The asymptotic analysis of PEP shows that the design criteria of space-time trellis codes proposed for Rayleigh fading still hold when used over shadowed Rician channels. We also present simulation results for bit error rate performance under different degrees of shadowing.
INTRODUCTION
Space-time trellis coding [1] has been proposed as an effective approach to support high data rate transmission over fading channels. This technique integrates channel coding, modulation and multiple transmit antennas with optional receive diversity and is able to exploit the full diversity promised by the multiple input, multiple-output (MIMO) channels. Since its introduction, a significant amount of work has been published on the design, decoding and applications of this new family of codes. Most of these results, however, are based on the assumption that the channel fading is either Rayleigh or Rician distributed. The Rician fading channel, which is generally used to model mobile satellite channels, mathematically describes a received signal characterized by a direct (i.e. line-of-sight) component with constant amplitude and a scattered (i.e. multipath) component. The shadowed Rician channel [2] is a generalization to the Rician model, where the line-of-sight (LOS) path is subjected to a lognormal transformation due to foliage attenuation or blockage, also referred to as shadowing. In this paper, we investigate the effects of shadowing on the performance of space-time trellis codes. To the best of our knowledge, no such study exists in the literature.
In the pioneering work on space-time codes, Tarokh et.al. [1] provide an upper bound on the PEP using the classical Chernoff bound over Rayleigh and Rician fading channels. In [3] , Uysal and Georghiades obtain an exact expression for PEP, applying the characteristic function technique previously used in evaluating the performance of trellis-coded modulation (TCM) for the multiple-antenna transmission problem. Another numerical solution for the same problem is presented in [4] through the Gauss-Chebyshev numerical quadrature rule. In [5] , Simon presents a simpler method for exactly evaluating PEP for space-time coded systems based on the moment generating function method. This method allows the evaluation of PEP in a simple closed form expression and has been previously applied to the numerous problems related to the analysis of digital communication systems over fading channels with single transmit antenna [6] . In this paper, we generalize Simon's work for Rayleigh fading channels in [5] to shadowed Rician fading channels in order to investigate the effects of shadowing on the performance of space-time trellis coded systems.
II. SYSTEM MODEL We consider a wireless communication scenario, where the base station is equipped with M transmit antennas and the mobile unit is equipped with N receive antennas. The binary data stream is first modulated and mapped to a sequence of complex modulation symbols. The modulated sequence is then fed to the space-time encoder and transmitted over the wireless channel. The receiver employs a maximumlikelihood decoder and has perfect channel state information (CSI). The received signal in the time interval l is given as 
The PEP represents the probability of choosing the code matrix X when indeed X was transmitted. Under the assumption of perfect CSI, the conditional PEP is given by
where Q(.) is the Gaussian Q-function and
is the squared Euclidean distance between the transmitted and decoded code sequences, expressed as ( ) ( )
Defining the channel vector
can be rewritten as
where
Since A is Hermitian, there exists a unitary matrix V and a real diagonal matrix D such that The parameters σ , µ σ and µ m in (5) and (6) specify the degree of shadowing.
In order to derive the unconditional PEP from (4), we employ the moment generating function (MGF) technique [6] . It is easy to see that the argument under the square root sign in (4) is a quadratic form of complex Gaussian random variables. If we define the random variable ( )
its MGF is given in [7] - [8] as 
Replacing (7) in (8) 
The coefficients t k g , in (11) can be computed through the recursive equation
given in the Appendix.
The derivation of PEP for shadowed Rician channels also allows us to examine the design criteria for space-time codes. In [1], Tarokh et.al. proposed the rank criterion and determinant criterion for quasi-static Rayleigh fading channels, which determine the diversity and coding gain, respectively. Specifically, through the analysis of PEP for high signal-to-noise ratios (SNR), they prove that a diversity advantage of r and a coding advantage of ( ) 
This result is essentially the same as [Eq.10-1] except for the presence of the factor
. Therefore, the same diversity advantage (i.e. rN) is obtained over the shadowed Rician channel as in a Rayleigh channel. The additional factor in (13) is completely characterized by the channel parameters and it can be considered as a coding gain variation due to shadowing. Since the rank criterion is the primary design criterion for space-time trellis codes, the first step in "good" code design is maximization of the diversity order. Therefore, once r is optimized, this additional factor becomes just a constant. This makes us conclude that the rank criterion and determinant criterion [1] still hold for the shadowed Rician channels.
IV. NUMERICAL RESULTS
In this section we provide some numerical results to demonstrate the effect of shadowing on the performance of space-time coded systems. As an example for the shadowed Rician model, we consider the Canadian Mobile Satellite channel [2] , where the terms light, average and heavy are used to represent an increasing effect of the shadowing. We consider the 4-state QPSK space-time trellis code [1] as an example. For the shortest error event of this code, the transmitted and decoded code matrices are 
It should be noted that using more terms for the infinite sum in (11) does not result in a visible change in the plots for the considered practical values of shadowing. In Fig. 1 , we plot the exact PEP results for different degrees of shadowing as well as different values of the Rician parameter. It is observed that heavy shadowing performance perfectly matches that over Rayleigh fading. Average and light shadowing give equivalent performances to Rician fading channels with Rician parameter K=4~5 dB and K=5~6 dB, respectively. These observations agree with the results obtained for shadowing effects on the performance of trellis-coded modulation in the single antenna case [9] . In the following we focus on the bit error rate (BER) results obtained through Monte Carlo simulation. BER performance results for the 4-state space-time code are illustrated in Fig. 2 for both the 1-RX and 2-RX cases. Three different cases of shadowing are considered. At BER=10 -4 for the 1-RX case, 1.5 dB and 6 dB degradations are observed for average and heavy shadowing compared to the light shadowing case. The degradation is less severe for the 2-RX case since the overall channel looks more like Gaussian with the additional receive diversity; therefore the change in LOS component is less effective. (16), one can obtain the final form for the inner integral of (10), leading to (11).
